Abstract. This paper examines initial asymmetric wedge-impact flows with horizontal as well as vertical impact velocity. The method of two-dimensional vortex distributions is employed to model the initial-boundary-value problem. The numerical analysis involves discretization of the body surface and an iterative solution technique. Experimental drop tests of a prismatic wedge were performed to gain understanding and provide data for comparison of initial water impact when asymmetry and horizontal impact velocity are present. The experimental investigation of initial flow separation off the wedge vertex (i.e., keel) during impact is described. Initial separation-ventilation of the flow from the vertex due to asymmetric impact or horizontal-vertical impact velocity is examined in relation to the present theory. Agreement between the data and the numerical predictions was demonstrated for small degrees of asymmetry and small ratios of horizontal to vertical impact velocity. The initial flow detachment from the vertex also revealed interesting hydrodynamic characteristics.
Introduction
High-speed planing boats are widely popular, but little is understood about their stability at high speeds where a significant number of these craft are known to experience unexpected behavior. Research at the University of Michigan intending to understand dynamic instability has included a water-impact model to determine the flow over a cross-section of the hull. This first step towards developing a more complete dynamic model approximates the steady planing of symmetric and asymmetric hulls with constant forward and transverse velocities. The work presented here would be appropriate for determining the restoring forces and moments, i.e., stiffness terms in the equations of motion, in a more general dynamic model. By using a low-order strip theory based upon slenderness assumptions (sometimes referred to as a 2-1/2 D solution) and viewing the planing hull as a series of cross-sections at different points of impact (near the bow the hull is just starting to enter the water while near the transom the hull has mostly entered the water), the model approximates the transverse flow characteristics over the entire hull. The resulting boundary-value problem with appropriate simplifications can be solved numerically using two-dimensional vortex distributions. This paper examines one aspect of the model: asymmetric wedge-impact flows with combined vertical and horizontal impact velocities. Included in the flow types is initially ventilated flow due to asymmetry and/or horizontal impact velocity. The general model provides initial conditions to start arbitrary, time-dependent, impact simulations [1]. The numerical process involves discretization of the surfaces and an iterative solution technique. The method of two-dimensional vortex distributions is employed to model the boundary-value problem. Experimental investigation into initial flow separation-ventilation off the wedge vertex (i.e., keel) during impact, including asymmetry and horizontal impact velocity, is described. Comparisons between the present model and experimental results are presented.
Problem description

LITERATURE REVIEW
Early studies on symmetric water impact focused on analysis of seaplane landing. In 1929 von Kármán provided the first theoretical solution for determining the bottom pressures on the pontoon of a landing seaplane [2]. Wagner [3] then extended the expanding flat-plate model of von Kármán to calculate the local water surface elevation. Four decades of subsequent research produced impact models of increasing complexity. See, for example, [4] [5] [6] [7] . In the special case of a wedge entering the water with constant velocity, the flow can be assumed to be self-similar. For large impact velocities, or for small time, previous authors have felt it reasonable to expect similarity since the fluid particles near the wedge experience accelerations much larger than gravity, especially in the early stages of water entry. Therefore, gravity has typically been assumed unimportant when the time duration is small or the impact velocity is large. In addition, incompressibility in these earlier works was also assumed.
More recently through the use of matched asymptotic expansions, Cointe [8-10] extended von Kármán's [2] and Wagner's [3] two-dimensional theories for the vertical entry of a horizontal circular cylinder and included the creation of a jet at the intersection of the cylinder and free surface. They found the general simplifying assumptions of incompressible and irrotational flow, an inviscid fluid, a rigid body, and no surface tension or gravity allowed for an accurate prediction of the impact force. Howison et al. [11] solved the two-dimensional water entry problem for sections of small (deadrise) angles by extending the asymptotic expansion methods of Cointe et al. [8] and Wagner [3] . When the impacting body is nearly parallel to the undisturbed water surface, the impacting body is considered to have small deadrise, i.e., the angle between the undisturbed water surface and the body is small.
The assumptions of zero gravity, incompressibility and zero viscosity have also been examined. Greenhow [12] solved the two-dimensional water entry problem including the effects of gravity. Greenhow's calculations found that except perhaps in the jet region, gravity could be ignored if the time was less than the impact velocity divided by twice gravity, i.e., t ≤ v/2g. Zhao and his colleagues [13, 14] developed a numerical method, based on a nonlinear boundary-element method, for studying the water entry of a two-dimensional body with arbitrary cross-section. Among their findings, they determined that no air cushion is created under the body during impact as long as the angle between the body and the free surface is larger than 2
• to 3
• . Muzaferija et al. [15] included the effects of viscosity in free-surface flows associated with water entry. Viscosity was important for determining the free-surface deformation after the body knuckles (where the body contour turns sharply away from the water surface, see Figure 1 ) are wetted, but predictions of forces and pressures were very close to those predicted by inviscid theory. They used a finite-volume method to capture the free surface for both two-and three-dimensional water impacts. Various authors have included the effects of compressibility on the flow during impact (e.g. Korobkin [16, 17] or Campana et al. [18] ). Compressibility is found to be very important in the first instants as the flow is accelerated from rest. This is particularly true for flat or nearly flat bodies. After the fluid particles have reached the velocities associated with the subsonic stage of water entry, compressibility can be ignored.
